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the microwire, with separations exceeding 100 m. As the propagation length increases, PL spectrum develops a new emission peak, red-shifted by 20 nm from the main emission and accompanied by the appearance of the well-resolved rise times in the PL kinetics. The quantitative modeling accounting for bimolecular electron/hole recombination and photon recycling within the microwire waveguide agrees well with the measured decay modifications. The model affirms near unity intrinsic radiative efficiency values of CsPbBr 3 perovskite microwires that are necessary for the observable effects of photon recycling. Such findings provide crucial information about the potential impact of photon recycling and waveguide trapping on optoelectronic properties of cesium lead halide perovskite materials.
Solution processed organic-inorganic hybrid perovskite-based semiconductors have rapidly evolved as versatile and promising materials for low-cost and high-performance optoelectronics applications in the last five years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] due to their remarkable light absorption 12 , long carrier diffusion length 12, 13 , different dimensionalities [14] [15] [16] [17] [18] [19] [20] and tunable bandgaps. 21 Recently, all inorganic CsPbX 3 (X=Br  , I  or Cl  ) perovskites have attracted particular attention for light emitting diodes (LEDs) 23, 24 and lasers [25] [26] [27] due to enhanced light emission and photo/thermal stability. 28, 29 Wavelength tunability of photoluminescence (PL) emission can be further manipulated by choice of the desired halide precursor or anion exchange reactions. Facile, solution-processable methods allow these materials to be fabricated in a variety of configurations such as nanowires, [30] [31] [32] nanocrystals, 33, 34 and microrods. 35 Wavelength-scale sizes of these microstructures make them suitable for potential integration with on-chip, miniaturized devices such as coherent light sources, LEDs and photodetectors.
Laser and LED applications of CsPbX 3 materials require detailed knowledge of the dynamics of mode propagation and spectral redistribution of the emission in the waveguiding structures.
Repeated incoherent absorption and re-emission of photons in strongly absorbing media is expected to substantially affect carrier recombination dynamics and mode propagation, influencing quantum efficiency and light dynamics measurements. Significant processes of self-absorption and light trapping have been observed in solid state materials with high PL quantum yields (PLQY) such as III-V semiconductors (GaAs) [36] [37] [38] and rare-earth doped fibers, 39, 40 leading to large modifications of the emission lineshape and significantly affecting emission lifetime measurements. Photon recycling, i.e. numerous iterative self-absorbance and photon re-emissions events within the photoactive layer has been known to substantially enhance the photovoltaic conversion efficiency of GaAs solar cells and photodetectors, 41, 42 although its importance for high efficiency perovskite-based solar cells has been the subject of recent controversy. [43] [44] [45] In this work, we performed a detailed time-and spectrally-resolved investigation of waveguideassisted photon self-absorption/re-emission in single crystal CsPbBr 3 microwires synthesized via one-step, solution-processing method. We took advantages of two-photon excitation to avoid surface related PL quenching and moisture induced artefacts. 46, 47 We directly tracked the evolution of PL signals as a function of the lateral separation between excitation and collection spots along the microwire to the distances exceeding 100 m. We observed appearance of the delayed rises in PL kinetics, accompanied by continuous spectral re-distribution of the PL signal, initially centered at 525 nm, towards lower energy, concentrating the emission intensity in a well-defined peak at 545 nm. To explain salient features of the position-dependent PL dynamics, we numerically analyzed a model of the evolution of charge carrier density that accounts for radiation trapping in 1D waveguides. The model establishes a quantitative framework that accommodates well the observed PL kinetics and unambiguously points to the importance of photon recycling effects.
Moreover, it indicates that internal radiative efficiency of the CsPbBr 3 microwires is close to unity, thus providing the necessary foundation for the usage of CsPbBr 3 perovskite materials in lightemitting applications.
Results and Discussions:
Sample preparation and structural characterization of CsPbBr 3 microwires. We synthesized CsPbBr 3 microwires using a customized cast-capping crystallization 48 process. Several drops of CsPbBr 3 precursor solution were dropped on a glass substrate, while a second glass was used as the capping substrate to confine the solution. The two glasses were heated at 100 °C for 3 to 5 days to let the crystals grow up to the desired sizes. The resulting arrays of microwires were characterized using optical spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM), selected area electron diffraction (SAED) and Energy dispersive X-ray spectroscopy (EDX) techniques (Figure 1 and Figure S1 ) that demonstrate nearly ideal crystal structure, stoichiometric composition and shape uniformity, making microwires ideally suited for light trapping and waveguiding.
Bulk optical absorption and PL emission measurements show the onset of the optical bandgap at ~510 nm and main PL peak at ~525 nm, with a full-width half-maximum ( ( Figure S1 ). All these results collectively confirmed that high quality single crystalline CsPbBr 3 microwires with preferential orientation were obtained through our customized cast-capping technique.
Photon waveguiding and absorption/re-emission. The primary parameters that govern photon recycling are extinction coefficient () and radiative efficiency within individual microwires. 49 When absorption length (l=1/) is much smaller than the size of the sample, the light's propagation between the excitation and detection regions will allow for many absorption/re-emission events, thus influencing the spectrum shape and modifying the observed lifetime. Self-absorption is assisted by total internal reflection (TIR) that keeps a substantial fraction of photons from escaping used, whereas excitation light is 800 nm laser positioned in the middle of the microwire and PL collection spot is scanned along the microwire's bottom surface, with separation distance s in excess of 100 m. The relative weight of the main emission peak at ~530 nm at first shifts toward longer emission wavelength (for s = 0 -30 m separations). This initial broadening is attributed to the primary (i.e., emission that is produced by direct laser excitation) PL photon reabsorption events within the perovskite material as previously described. 50 However, at longer separation distances we observe the appearance and relative growth of the well-defined peaks at lower energy, first observed at ~ 540 nm and continuously evolving to ~ 545 nm as separation distance exceeds 100 m. It is clearly seen that while the overall intensity of the emission is dropping off sharply (inset to Figure 2(b) ), the re-emission peak is taking over the primary PL emission. This behavior is indicative of repetitive PL self-absorption/re-emission mechanism that is shifting emission down In general, there could be two mechanisms generating excitations in the remote parts of the microwire away from the original laser excitation spot. One is the photon recycling, and the other is carrier diffusion, where charge carriers generated by the laser pulse diffuse within the wire and recombine at the later time, giving rise to the delayed PL emission. 51 To clarify this issue, we with the separation distance along the microwire as will be appropriate for a step-by-step, radiative energy transfer process. Taken together, spectral and dynamics data clearly point to photon recycling, assisted by waveguiding in CsPbBr 3 perovskite microwires.
For such a scenario to occur, microwire samples must have sufficiently high PL emission quantum yield that would allow for a number of sequential absorption/re-emission events.
However, the PLQY of an individual microwire cannot be reliably deduced from the bulk QY measurements. In a bulk sample, the emitted PL photons are waveguided within the microwires 
Equation (1) describes the spatial-temporal evolution ( , ) of the charge carriers' density along the microwire from the initial profile ( , 0) for the equal populations of photoexcited electrons, , and holes, . In addition to single-particle processes of carrier diffusion (coefficient ) and trap-assisted decay (lifetime tr ), Eq. (1) incorporates bimolecular (electron-hole, = 2 ) radiative recombination (coefficient ) responsible for PL emission. 54, 56 The last term in Eq. (1) To experimentally validate the bimolecular dependence of PL ~ n 2 on density n, we recorded initial PL intensity as a function of the laser excitation power P. Importantly, due to the two-photon excitation method used in this work, the light absorption itself is also proportional to the square of the laser power, which would lead to the fourth-power dependence of the observed PL, ~P 4 for the bimolecular recombination emission. Figure 4 shows the total PL emission, integrated along the microwire as a function of the applied 800 nm laser power. The calculation method as well as representative PL kinetics are shown in Suppl. Info Figure S4 . The observed PL signal dependence clearly follows ~P 4 behavior, confirming the n 2 dependence of the rate of radiative processes on the density n (which is different from the linear dependence, expected in the case of exciton density 57 ). . 57 We correspondingly modify the kernel to account for photons escaping through the sidewalls (and actually contributing to the observed PL);
in the computational example of compare favorably with experimental data in Figure 3 , reflecting both faster PL decays at the early times at shorter spatial separations (associated with n 2 (x, t) term) and appearance of the delayed PL risetimes due to photon recycling at longer separations.
The comparison with model calculations thus strongly points to high values of recombination efficiency for photon emission resulting from elementary electron-hole recombination events in our system. Their competition with single-particle recombination (lifetime tr ), on the other hand, depends on the carrier density. In our experiments, as the initial excitation profile spreads in space and decays in time, this density keeps decreasing so that eventually the single-particle recombination becomes the dominant mechanism wherever the density is low enough. The high value of the radiative efficiency found in the CsPbBr 3 microwires proves that bulk yield is much reduced due the multiple steps of reabsorption/emission. Concomitantly, transient analysis reflects distance-dependent changes in the PL emission kinetics, influenced by initial carrier density and photon recycling.
Conclusions:
We investigated PL evolution and emission dynamics in individual CsPbBr 3 microwires using two-photon excitation and double objective excitation/collection microscopy.
Our results show propagation of the PL emission within individual microwires to distances in excess of a 100 µm from the excitation location. We found that PL spectral content and PL kinetics strongly depend on the propagation distance along the microwire. As the separation distance increases, the PL emission spectrally redistributes towards the lower energy while PL kinetics develop delayed emission rises, with risetime components scaling with the separation distance.
We applied the one-dimensional model of spatio-temporal evolution of the charge carrier density that accounts for monomolecular and bimolecular recombination and waveguide-assisted photon self-absorption/re-emission. Simulated PL dynamics clearly show that the low PLQY values found by the bulk sample measurements are incompatible with the experimental data whenever the material experiences strong photon recycling. The model reveals internal recombination efficiency of the microwires to be close to unity. These findings show the influence of photon recycling on the emission properties of CsPbBr 3 perovskites and underscore its significance for rational design of cesium halide perovskite materials for light emitting and photon conversion applications.
Experimental Section
Materials: Lead bromide (PbBr 2 ) (≥98%), cesium bromide (CsBr) (99.9% trace metals basis), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich and used without further purifications.
Microwires preparation: CsPbBr 3 microwires were obtained from a 0.25 M solution of CsBr/PbBr 2 in DMSO. For cast-capping method, several drops of the solution were cast on the glass substrates. After casting the solution, the second glass substrate was utilized for capping.
Glass substrates were placed onto the hot plate with a metal block holder and heated up at ~ 100 °C for 3-5 days to dry the solution.
Material characterizations: Steady-state reflectance data were collected from Cary 6000i UVVis-NIR Spectrophotometer with sample reflectance correction by using 100% reflector BaSO4 as a reflectance standard, the absorbance spectra were calculated from the reflectance data by Kubelka-Munk relation. A FluoroMax-4 spectrofluorometer from Horiba Scientific was used to investigate photoluminescence properties. Powder X-ray diffraction was performed on a Bruker AXS D8 diffractometer using Cu-Kα radiation. The scanning electron microscopy (SEM) images were collected with an FEI Quanta 600 microscope. Energy-dispersive X-ray spectroscopy (EDX) was performed using Nova Nano SEM equipped with an EDS detector operating at 15 kV. The optical images of CsPbBr3 microwires were obtained on a Zeiss Microscope A1 optical microscopy. TEM and SAED were carried out on the Titan G2 80-300, FEI Co., operating at 300 kV.
For space charge limited current (SCLC) measurements, Au electrodes (100 nm thickness) in gap-type geometry were deposited on CsPbBr3 microwires using a shadow mask. For gap-type geometry, a modified formula was used as reported previously 58, 59 . The mobility (µ) was calculated from the relation: I = 2Ɛ 0 Ɛ r µV 2 /лL 2 where Ɛ 0 is the vacuum permittivity, Ɛ r is the relative dielectric constant for CsPbBr 3 , L is the distance between the electrodes. I is the current and V is the applied voltage. The SCLC measurement was performed using Keithley 2635A source-meter in the dark, under vacuum at room temperature.
Bottom-gate, bottom-contact (BGBC) FET evaluation
Heavily n-doped Si wafer with a 100 nm-thick thermally grown SiO 2 top layer was used as the substrate, where the silicon works as the gate electrode and SiO 2 functions as the gate dielectric with a capacitance of ∼29 nFcm -2 . 40 nm-thick gold source and drain patterns were deposited by thermal evaporation on the SiO 2 layer with 3 nm of chromium as adhesion layer using a conventional lithography technique. The patterned substrate was cleaned with O 2 plasma, acetone, and isopropanol sequentially. The micro wires were deposited on the substrate. The devices were characterized in N2 filled glove box using an Agilent 4155C Semiconductor Parameter Analyzer. 
